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FOREWORD 


This  report  is  submitted  in  fulfillment  of  the  Statement 
of  Work  in  Contract  N00014-78-C-0T41 .  The  Technical  Project  Manager 
at  DTNSROC  was  Mr.  George  Wachnik. 

The  Aerodynamic  Design  and  Data  Analysis  were  performed 
by  S.  A.  Lorenc  who  also  prepared  this  report  under  the  direction 
of  K.  G.  Kirk.  S.  R.  Finato  was  responsible  for  the  Test  Hardware 
Design  and  Procurement.  He  also  performed  the  Model  assembly. 
Instrumentation  and  Testing.  The  program  was  under  the  cognizance 
of  Mr.  Werner  P.  Luscher,  Program  Manager. 
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INTRODUCTION  AND  SUMMARY 


»  This  Model  Program  was  conducted  under  Contract 
N00014-78-C-0441  In  order  to  improve  the  performance  of  the  JEFF(A) 
Mixed-Flow  Fan.  Both  rotor  and  housing  changes  were  made  to  the 
existing  model  fan  and  tests  were  conducted  in  the  ALRC  Physics 
Laboratory.  Rotor  modifications  consisted  of  varying  blade  length 
and  narrowing  the  rotor  width  at  the  exit.  Housing  size  was  varied 
by  changing  axial  and  radial  dimensions. 

The  sensitivity  of  fan  performance  to  IGV  positioning  was 
also  determined  for  both  flat  and  twisted  vanes.  Finally,  full  size 
fan  performance  was  predicted  for  the  best  combination  of  housing  and 
rotor.  Recommendations  are  also  made  for  further  imorovement  of  the 
Mixed-Flow  Fan  concent. 

\ 
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2. 


PROGRAM  OBJECTIVES 


The  objectives  of  this  program  were  as  follows: 

1.  To  improve  performance  of  the  previously  demonstrated  1/6  scale 
Mixed-Flow  Lift  fan  Model  to  meet  the  Lift  Systems  Requirements 
and  to  be  capable  of  absorbing  the  total  available  TF-40  Engine 
Power. 

2.  To  evaluate  the  effect  of  fan  housing  modifications  and  rotor 
modifications  on  the  Mooel  Fan  perfoni\ance  within  the  vehicle 
envelope  constraints. 

3.  To  evaluate  the  effectiveness  of  inlet  guide  vanes  to  increase 
the  fan  airflow  capability  above  the  baseline  configuration  and 
to  improve  the  craft  seakeeping  capability. 


These  objectives  were  accomplished  by  modifying  an 
existing  mixed  model  rotor  and  baseline  housing  and  conducting 
tests  according  to  the  test  matrix  discussed  in  this  reoort. 


3.  MODajTXST  _HARpMARF. 

Model  test  hardware  requirements  are  listed  in  Table  1. 
The  existing  model  fan  components  were  used  to  the  fullest  extent 
possible  and  the  new  components  were  designed  in  house  and  sub¬ 
contracted  for  fabrication.  The  fan  test  setup  did  not  require  any 
modifications  or  additions  other  than  the  check  out  and  calibration 
of  all  recording  equipment. 
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TABLE  1 


MODEL  TEST  HARDWARE  REQUIREMENTS 

EXISTING  NEW 


1.  Mixed-Flow  Rotor  -  8  Blades  X 

Mixed-Flow  Rotor  -  11  Blades  X 

Matching  Shroud  X 

2.  Narrow  Exit  Rotor  X(Modified) 

Matching  Shroud  X{Modified) 

3.  Housing 


X 
X 
X 
X 
X 
X 
X 

4.  IGVs 

Airfoil  Vanes  X 


Thin  Vanes  X 
Twisted  Vanes  X 
Inlet  Bell  X 
Housing  Adapter  X 
Shaft  Spinner  X 
Shaft  Tie  Bolt  X 


Baseline  Volute  X 

Plenum  Chamber 

Volute  Axial  Width  B  =  5.583 
B  =  6.673 
B  =  7.763 

Volute  Diameter  A  =  13.6 
A  =  15.1 
A  =  16.6 


3. 


MODEL  TEST  HARDWARE  (cont'cll 


3 . 1  Rotor 

The  effect  of  rotor  blade  length  on  fan  (x'rforuHnce  was  evaluated 
by  cutting  back  the  blade  leadin«i  edges  on  tlie  eigfil  bladed  rotor.  This 
was  accomplished  in  two  steps.  lirst.  the  hlaile  axial  length  was  re¬ 
duced  by  0.5  in.  and  then  by  1.0  in.  wftirh  corresponds  to  a  full  si.’e 
blade  length  reduction  of  3.0  and  6.0  inches,  resniu  t ivel v.  I  inures 

3.1- 1  to  3.1-3  show  the  eight  bladed  rotor  before  and  after  trim. 

The  present  11  bladed  rotor  was  modified  to  reduce  its  exit  width 
from  1.90  in.  to  1.42  in.  The  reason  for  this  change  was  to  detennine  if 
the  wake  along  the  shroud  could  be  reduced  and  thereby  improving  rotor 
performance.  Figure  3.1-4  is  the  photograph  of  the  original  rotor  and 
Figures  3. 1-5  and  3.1-6  show  the  modified  rotor  with  reduced  exit  width. 

3.2  Housjn^ 

An  existing  model  housing,  shown  in  Figure  3.2-1,  was  used 
for  evaluation  of  the  rotor  modifications  and  the  inlet  guide  vanes 
tests.  The  narrow  rotor  exit  required  shroud  modification  and  the 
I6V  tests  required  a  new  inlet  bell. 

To  evaluate  the  effect  of  housing  size  on  fan  performance,  a 
new  housing  plenum  was  designed  and  constructed.  Styrofoam  inserts 
were  placed  inside  the  plenum  box  to  vary  axial  width  and  volute 
inserts  vereused  to  vary  radial  dimensions.  Figures  3.2-2  and  3.2-3  show 
the  plenum  box, reference  volute  and  adapter  box.  Figures  3.2-4  to 

3.2- 6  show  the  axial  configurations,  larger  volute  inserts  are 
indicated  in  Figures  3.2-7  to  3.2-10. 

All  significant  housing  dimensions,  including  the  volume 
parameter  K, are  given  in  Table  2. 


PL  ADI  n  rotor 
r;  AOL  CUT  rack  O.b  ID 

nnuRi  ^1-^’ 


A#»rr>|r»f  I  icju*ri 


LiClijtrS  RocWc*  Oorr»|>rjrT/ 


Discharge  Rotor 


: 

1 

■M^BHHL^iiiHKi^kll*^§i^^^i 

I 

3. 


MODEL  TEST  HARDWARE  (cont ' d ) 


TABLE  ? 

MODEL  HOUSING  DIMENSIONS 

0^  =  7.74  IN.  =  1.90 


BASELINE 

HOUSING 

NEW 

HOUSING 

AXIAL  WIDTH 

VOLUTE  DIAMETER 

B,  IN 

5.58 

5.58 

6.67 

7.76 

5.58 

5.58 

A,  IN 

13.60 

13.60 

13.60 

13.60 

15.10 

16.60 

tiB  /  A  .2 

4b  '''D 

7.13 

7.13 

8.52 

9.91 

8.75 

10.60 

As  the  volute  of  the  hoiisirKi  was  chanqed,  so  was  the  diffuser, 
keeping  diffuser  length  and  area  ratio  constant  and  equal  to  the 
baseline  diffuser  length  and  area  ratio. 

To  adapt  this  new  housing  to  the  test  facility  eight  inch 
diameter  duct  system,  a  new  adaptor  box  and  inserts  were  required, 
having  rectangular  inlet  cross-sections  which  change  from  housing 
to  housing. 

3.3  Inlet  Guide  Vane^ 

To  test  the  fan  model  equipped  with  inlet  guide  vanes,  a  new 
IGV  assembly  was  fabricated  that  includes  an  inlet  bell, shroud  and 
locking  screws  for  the  vanes  (Figures  3.3-1,  3.3-2,  3.3-3).  Each 
vane  is  set  individually  in  the  desired  position,  using  a  small 
protractor  glued  to  the  surface  of  the  inlet  bell,  and  is  locked  in 
position. 

Three  sets  of  inlet  vanes  were  tested.  The  first  set 
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3.  MODEL  TEST  HARiM.i^R[  (cont'd) 

3.3  lnle^Guid^_ydnes  (Cont'd) 

consisted  of  15  uncamberod  airfoils.  The  second  set  consisted  of 
15  constant  thickness  flat  vanes  and  finally,  the  third  set  consisted 
of  15  constant  thickness  vanes  with  a  15^  twist  between  the  tip  and 
the  hub.  Table  3  shows  basic  characteristics  of  all  vanes  used. 


TABLE  3 

CHARACTERISTICS  OF  THE  INLET  VANES  TESTED 


FLAT  VANES 

TWISTED  VANES 

AIRFOIL  VA 

NFS  (THICK) 

THIN  VANES 

THIN  VANES 

nUo 

1  \ 

HUP  1  TIP 

HUP  1  TIP 

Max. Thickness, IN 

0.08 

0.22 

0 . 04 

0.04 

Thickness/Chord 

0.25 

0.18 

0.125  0.033 

0.125  1  0.033 

Leading  Edge  Rad. 
IN 

0.01 

0.01 

0.01 

0.01 

Trai 1 ing  Edge 
Rad.,  IN 

0.005 

0.005 

0 . 005 

0.00b 

Number  of  Vanes 

15 

15 

15 

Sol idity 

1  .0 

1.0 

_ 

1.0 

The  photograph  of  all  three  vanes  is  shown  in  Figure  3.3-4. 


4.  MODEL  test  SE  RIP 

4.1  DescHption  of_Te^t  Set  Op_and  Instrumentation 

The  model  tests  were  conducted  in  the  ALRC  Physics  Laboratory.  The 
test  set  up  was  described  in  detail  in  Reference  (2).  Figure  4.1-1  shows 

/ 
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MODEL  TEST  SETUP  (cont'cl) 

Set  Up  and  Instrumentation  (Cont 'd) 

the  model  fan  installed  in  the  test  facility.  Fipure  4.1-2  shows 

the  model  fan  fitted  with  the  baseline  housinq  and  lOV  assenblv  while 

Figure  4.1-3  shows  the  installation  of  the  new  plenum  housing  and 

adapter. 

1.  Weight  flow  rate  was  measured  by  means  of  a  standard  ASME  orifice 
installed  in  the  exhaust  duct.  Four  thernwcouples  were  used  to 
measure  the  orifice  upstream  temperature  and  wall  taps  were  used 
to  measure  upstream  and  downstream  pressures. 

2.  Fan  pressure  rise  from  ambient  to  fan  exit  was  obtained  by 
measuring  barometric  pressure  at  the  inlet  and  total  pressure  at 
the  diffuser  outlet.  Twelve  Kiel  probes  were  used  for  total 
pressure  measurement. 

3.  The  flow  anqle  distribution  at  the  rotor  inlet  was  measured  with 
a  3-element  wedge  orobe. 

4.  Wall  taps  were  provided  to  measure  static  pressure  alona  the 

stationary  shroud,  rotor  exit,  housing  discharge  and  diffuser 
exit. 

5.  The  fan  inlet  temperature  was  measured  with  four  CA  thermocouples. 

6.  Rotational  speed  was  measured  by  means  of  an  electronic  counter. 

7.  Torque  was  measured  with  a  strain  gage  type  torquemetor.  The 
torquemeter  was  calibrated  statically  before  and  after  the  test 
run  by  applying  weights  on  an  arm. 

8.  All  measured  quantities  except  pressures  were  stored  on  magnetic 
tape,  averaged  and  converted  into  engineering  units.  Air  pressure 
measurements  wp»'e  connected  to  the  water  manometer  board  and 
photographed  for  data  reduction  on  the  computer. 
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4.1  Description  of  Test  Set  Up  and  Instrumentation  (Cont'd) 

9.  Data  reduction  was  performed  by  means  of  a  computer  nrooram 
described  in  Reference  (2). 

Model  test  instrumentation  is  listed  in  Table  4.  The  instrumenta- 


tion 

location  is  given 

in  Figures  4.1 .-4 

to  4.1 .-10. 

TABLE  4 

IWpEL_ 

INSTRUMENTATION 

LOCATION 

MEASURED 

QUANTITY 

TYPE 

OF  INSTRUMENT 

RANGE 

ACCURACY 

QTY 

- 

Ambient  Pressure 

Barometer 

- 

0.01"  Hg 

1 

- 

Rotational  Speed 

Electric 

Counter 

0-12000  rpm 

100  rpm 

1 

- 

Torque 

Cal i bra ted 
Torquemeter 

0-2.5  ft/lb 

0.5% 

1 

0 

Temperature 

Thermocouple 

30-1 20°F 

2°F 

4 

0 

Wet  Bulb  Temp. 

Thermocouple 

30-1 20°F 

2°F 

1 

2 

Flow  Rake 

Three  Element 

-30°  to  +30° 

1° 

1 

4 

Static  Pressure 

Wall  Tap 

0-1  psia 

0.1"  H^O 

2 

5 

Total  Pressure 

2  Element 

Kiel  Probe 

0-1  psia 

0.1"  H^O 

12 

5 

Static  Pressure 

Wall  Tap 

0-1  psia 

0.1"  H^O 

4 

6 

Total  Pressure 

2  Element 

Kiel  Probe 

0-1  psia 

0.1"  H^O 

12 

7 

Temperature 

Thermocouple 

30-120°F 

2°F 

4 

8 

Static  Pressure 

Wall  Tap 

0-1  psia 

0.1"  H^O 

4 

9 

Static  Pressure 

Wall  Tap 

0-1  psia 

0.1"  H2O 

4 

Shroud 

Static  Pressure 

Wall  Tap 

0-1  psia 

0.1"  H^O 

6 
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4 .  MODEL  TEST  SETUP  ( c on t  M ) 

4 . 2  Le_st_Cond  i  H  ons 

All  tests  were  run  at  6000  rpm  while  varying  the  back  pressure  valve 
position  from  fully  open  to  fully  closed.  In  addition  to  nteasuring 
the  overall  fan  performance,  traverses  were  performed  at  the  rotor 
inlet  with  a  three  element  wedge  probe.  Pre-whirl  angle  distribution 
was  determined  first  without  inlet  guide  vanes  and  then  with  inlet 
guide  vanes  installed. 

When  testing  the  model  with  various  h'msi'in  ronfiourations,  it  was 
necessary  to  change  the  Kiel  probe  locations  at  the  diffuser  exit. 

Using  test  data,  the  iiKidel  head  coefficient,  efficiency  and  flow 
coefficient  were  calculated.  Traverse  data  were  used  to  plot  pre¬ 
whirl  angle  and  incidence  angle  distributions  at  the  rotor  inlet 
between  the  hub  and  tip. 

4.3  Mod^l  Jest  Matrjx 

Table  5  shows  the  matrix  of  tests  conducted  by  varyino  rotor 
and  housing  parameters.  Fan  performance  sensitivity  to  inlet  guide 
vane  positioning  was  also  evaluated. 
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MODEL  TEST  MATRIX 
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5 .  MOJ^EL  JAN  P  E  R  rORMiVNC  E 

5 . 1  Rotor 

Using  thp  bdseline  housing,  the  rotor  was  I'UKiitied  arid  ttie  fan 
performance  characteristics  determined  over  the  entire  flow  range. 

5.1.1  Effect  of  Rotor  Blade  Length  on  Performance  -  Reduction  of  the 
rotor  length  is  desirable  to  reduce  the  rotor  weight  and 
cost  of  fabricatiotv  providing  that  the  decrease  in  fan 
performance  is  acceptable. 

Figures  5. 1.1-1  and  5. 1.1 -2  show  the  model  test  results  of  the 
S-bladed  rotor  having  blade  leading  edges  cut  back  0.5"  and  1.0" 
respectively.  The  effect  of  blade  cut-back  on  efficiency 
and  head  coefficient  is  clearly  illustrated  in  the  summary 
plot  shown  in  Figure  5. 1.1-3,  It  can  be  seen  that  the  blade 
cut-back  reduces  fan  efficiency  primarily  in  the  high  effi¬ 
ciency  range  (g  =  0.65  -  0.74).  The  head  reduction,  although 
modest  for  0.5"  cut-back,  is  quite  considerable  for  1.0" 
cut-back . 

At  the  niavinum  efficiency  point  (d  "  0,22),  the  reduction  of 
the  model  fan  performance  is  as  follows; 

0ri£ina1  Blades  0.5"  Cut-Back  1.0"  Cut-Back 
0.74  0.71  0.68 

4>  0.387  0.372  0.345 

In  conclusion,  the  effect  of  0.5"  blade  cut-back  is  to  reduce 
model  fan  peak  efficiency  and  head  by  about  4%.  A  cut-back 
of  1.0"  reduces  peak  efficiency  by  about  8’.'  and  head  by  Ilf.. 
These  results  apply  £o  the  8-bladed  rotor  fitted  into  the 
baseline  housing.  It  is  to  be  expected  that  the  11-bladed 
rotor,  having  higher  blade  sol  idity,  should  be  less  sensitive 
to  blade  cut-back. 
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Ift'ei  t  of  Kotor  Kit  Widtti  oti  I  ,ui  I'l'r t onn.uu  t'  -  Ixit 

tCiWOfso  (liUit  obtainod  iisiiu)  f  bo  oiiilit  I'ladod  rotor  and  roi'orted 
in  Ri'1  ort'iHO  (d)  disrlosod  tho  I'xi-  ttMuo  of  a  wako  noar  ttio 
oufor  shroud.  It  is  rat  iotia  1  i  .’t'd  that  tho  radial  oloiiK'tif 
hKutiiui  allows  tho  low  oiiorqy  Iluid  to  ho  contrifiuiod  out 
forinitui  a  wako  iioar  t  hi'  outor  shroud.  Ihi'  rosult  is  hardly 
any  hoad  riso  aloiuj  tho  tip  stroamlioo. 

In  ordor  to  study  tho  offoi  t  of  this  wako  on  tan  nor formaiuo. 
tho  oxistinu  rotor  was  niodifiod  hy  rodui  iiu;  it's  oxit  width 
and  was  tostod  in  tlio  oxistirui  housiiu).  1  iquri'  h.t.<’-l 
stiows  tho  fan  pi'rforinanri'  and  I  ipuro  h.l.;’-;’  coiiiparos  it 
with  tho  (>or  foi'inaiu  o  of  tho  oriqinal  wido  oxit  rotor.  It 
can  tio  soon  that  tho  poak  offii  ionoy  droppod  hy  about  4  points. 
Only  at  flow  rooffirionts  d  was  oft  ii  ioiuv  iiiiprovoi'iont 

ohsorvod.  flowovor.  tho  hoad  ooofticiont  Wiis  inoroasod  throinih- 
out  tho  flow  ram|o. 

In  I  iquro  h.l..’-,t,  tho  slat  io  nrossuro  distribution  aloini  ttio 
shroud  is  prosontod  at  throo  t  low  roof  f  ioii'iit  s .  As  oxpi'olod, 
tho  action  of  tho  rotor  initially  roducos  tho  [trossuro  holow 
atniostihorii  and  Ihon  incroasos  it  .ihovo  almosphoi'ic  prossuro. 

At  shut  off  -  (1)  surqo  is  l.ikinq  placo  Ihrouqhout  tho  tan 
systoin.  Air  is  ontorinq  ttio  l.in  thi-ouqh  tho  contor  of  tho 
roto?'  and  is  discliarqod  throuqh  tho  lip  i  loar.inco.  Static 
prossuro  is  ahovo  tho  atmosphoric  valuo  ovor  tho  ontiro 
lonqih  of  ttio  shroud. 

I  iquros  !).!.. ’-4  and  I'.l..’-!)  show  static  and  total  prossuro 
distributions  across  tho  rotor  oxit  at  flow  coollicionts  ol  ('.4,'’ 
and  O./'b,  rospoc t  i VO ly .  liomparinq  M'o  widr  and  narrow  oxit  rotors 
it  .inpoars  that  tho  Imad  distribution  is  about  tho  saino  for 

both  casos.  At  tho  dosiqn  flow  cootticiont  ot  0.4i'.  tho 
hiiihost  hoad  is  qonoralod  noar  tho  outor  wall.  At  tho  flow 
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MODEL  FAN  PERFORMANCE  (cont'd) 


k 


coefficient  of  ji  =  0.25,  the  highest  head  is  generated  near  the 
mean  exit  radius. 

Maldistribution  of  head  at  the  rotor  exit  is  attributed  to  the 
radial  element  blading.  Three  dimensional  (twisted)  blades  are 
required  to  produce  more  uniform  flow  conditions. 

5.2  Effect  of  IGV  Position  on  Fan  Performance 

Inlet  guide  vanes  can  be  used  for  ride  control.  Deflecting 
guide  vanes  in  the  direction  of  rotation  throttles  flow  while  deflection 
in  the  opposite  direction  may  increase  flow.  However,  the  sensitivity 
of  the  fan  to  negative  pre-whirl  depends  on  rotor  inlet  to  exit  diameter 
ratio,  specific  speed  and  blade  leading  edge  aerodynamic  loading.  With 
large  diameter  ratios,  an  impressive  increase  in  flow  has  been  de¬ 
monstrated  (Reference  4,  Page  312). 

5.2.1  Hub-To-Tip  Pre-whirl  Distribution 
5. 2. 1.1  Rotor  induced  prerotation 

The  effect  of  the  rotor  on  the  flow  extends  into  the 
fan  inlet.  This  effect  depends  on  the  rotor  inlet  angles, 
flow  capacity  and  peripheral  velocity. 

To  determine  inlet  velocity  diagrams,  flow  traverses 
were  conducted  prior  to  installation  of  the  inlet  guide 
vanes.  Figure  5. 2. 1.1-1  shows  a  plot  of  blade  angle  3^, 
pre-whirl  angle  and  incidence  angle  i  versus  radius  to 
tip  radius  ratio.  The  flow  survey  was  made  at  6000  rpm 
and  flow  coefficients  of  0.182,  0.299  and  0.331.  It  can  j 

be  seen  that  the  pre-whirl  angle  is  positive  every  where  | 

except  near  the  shroud  where  a  wide  variation  of  angles  was  j 

measured, indicating  possible  flow  reversal.  At  a  flow  1 

coefficient  of  0.299,  which  is  close  to  the  design  flow 
coefficient,  the  rotor  induced  an  average  prerotation  of 
about  9.5°  resulting  in  an  incidence  angle  of  about  12.5°. 

As  0  is  reduced,  both  and  i  are  increased  (Figure 


5. 1.1, 1-2). 
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MODEL  FAN  PERFORMANCE  (conLM) 


5. 2. 1.2  Pre-whJ^rl  Distribution  -  I6V  Position  o^0° 

In  Figure  6. 2. 1.2-1,  the  pre-whirl  angle  is  plotted 
versus  IGV  pitch  in  degrees  (-12°  to  +12°)  with  radius 
as  a  parameter.  The  highest  prerotation  angles  are  recorded 
at  the  suction  side  of  the  blades  (-4°  on  the  plot).  The 
lowest  prerotation  angles  occur  on  the  pressure  surface 
(+4°).  It  was  not  possible  to  conduct  a  flow  traverse  in 
the  blade  wake  (0°  on  the  plot)  and  it  was  necessary  to 
assume  a-j=0°at  that  point.  For  this  reason,  an  ft.j  distri¬ 
bution  in  the  range  of  -4‘'  to  +4'’  is  indicated  by  means  of 
dotted  lines. 

By  averaging  the  prerotation  angles  along  each  radius,  the 
oi.|  distribution  with  radius  ratio  can  be  plotted  as  seen 
in  Figure  5. 2. 1.2-2.  With  this  rotor's  inlet  angles,  IGV's 
smooth  out  the  pre-whirl  and  incidence  angle  distributions  with 
radius.  The  average  prerotation  is  reduced  and  the  average 
incidence  angle  is  increased. 

5. 2. 1.3  Pre-whirl_  Distribution  -  J[GV  Position  a^+20° 

In  order  to  reduce  the  average  incidence  angle  to  zero, 
the  flow  traverse  was  conducted  with  an  IGV  settino  of  +20"'. 
Figure  5. 2. 1.3-1  shows  the  tangential  and  radial  pre-whirl 
distributions.  A  comparison  of  Figures  5. 2. 1.2-1  and 
5. 2. 1.3-1  indicates  a  higher  level  of  pre-whirl  and  also 
a  more  uniform  tangential  pre-whirl  distribution  for  IGV 
setting  of  +20°.  Even  nwre  revealing  is  the  plot  of 
tangential  averaged  versus  radius  ratio,  as  seen  in 
Figure  5. 2. 1.3-2.  Setting  the  IGV  at  +20'"  oroduces  about 
+24°  pre-whirl  and  close  to  0°  average  incidence  angle. 

A  subseguent  test  of  the  fan  model  with  an  IGV  setting 
of  +20”  demonstrated  the  highest  fan  efficiency. 
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I  .in  l>i’  I'd  t<v  nni  t  fic  inliM  v.itif.  thii  kncss  .is  i  .in 

t'('  si'ivi  in  Millin'  l.-l  1.  V.iiu's  h.ivinii  .i  innsl.int  (fiiik 
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5 .  MODEL  FAN  PERf ORMANCE  ( CONT ' D ) 

setting  of  +20°  which  coincides  with  a  miminum  of  incidence 
as  determined  by  traverse  data  (Figure  5. 2. 1.3-2). 

In  Figure  5. 2. 2-7,  test  results  for  four  IGV  settings 
are  combined  to  illustrate  the  throttling  capability  of 
the  guide  vanes.  It  can  be  seen  that  the  peak  efficiency 
at  IGV  settings  of  O'’  and  +40"  is  about  the  same,  and  at  a 
setting  of  +20°  is  about  5  points  higher. 

Inlet  guide  vanes,  regardless  of  their  setting  intensifies 
stall  at  a  flow  coefficient  of  0.15.  It  is  expected  that 
if  the  rotor  inlet  angles  are  reduced  (thereby  reducing 
aerodynamic  loading),  the  stall  would  be  eliminated. 

Figures  5. 2. 2-8  to  5.2.2-11  show  fan  performance  at 
negative  IGV  settings  of  -10°  to  -40°.  It  can  be  seen 
that  the  fan  performance  is  poor  and  flow  throttling  is 
taking  place.  It  is  evident  from  traverse  tests  that 
the  negative  IGV  setting  increases  rotor  incidence  angles 
which  in  turn,  causes  rotor  resistance  to  flow  to  increase. 

A  rotor  designed  for  zero  incidence  anoles  is  expected  to 
improve  fan  performance  at  negative  IGV  positions. 

In  Figure  5.2.2-12,  the  results  for  all  negative  IGV 
settings  are  plotted  together  to  show  the  change  in  head 
coefficient  and  efficiency  with  flow  coefficient. 

Thin  Vanes 

The  IGV's  used  in  the  above  tests  had  thick  airfoil 
profiles  which  produced  a  substantial  blockage  (B=0.81).  In 
order  to  assess  the  effect  of  IGV  blockage  on  fan  performance, 
0.04"  thick  vanes  were  constructed  and  tested  in  0°,  -20°, 
and  +20°  positions.  Figures  5.2.2-13  to  5.2.2-15  show 
the  fan  performance  with  the  thin  IGV's.  At  vane  positions 
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MODEL  FAN  PERFORNANCE  (cont'd) 


of  0°  and  +20°,  fan  performance  is  substantially  the  same 
for  thick  and  thin  vanes.  But  at  an  IGV  setting  of  -20'’, 
thick  IGV's  give  both  higher  peak  (2  points  higher)  efficiency 
and  head  coefficient.  Figure  5.2.2-16  combines  all  three 
previous  plots. 

5.2.3  Effect  of  IGV  Setting  on  Fa^  Pe rforma nce_ -_Twjs ted  Va nes 

The  third  set  of  vanes  had  a  15°  twist  between  the  tip 
and  hub.  It  was  constructed  from  0.04"  thick  aluminum  stock. 
Figures  5. 2. 3-1  to  5.2. 3-6  show  fan  performance  for  twisted 
IGV's  at  positive  tip  deflections  ranging  from  0°  to  +50°, 
and  Figure  5. 2. 3-7  combines  all  these  plots  into  one. 

An  examination  of  these  results  indicates  that  twisted  vanes 
oerform  in  a  similar  manner  to  flat  vanes. 

5.2.4  Summary  of  Fan  Performance  With  IGV's 

In  Figure  5. 2. 4-1,  a  comparison  is  made  between  a  fan  with¬ 
out  IGV's  and  a  fan  equipped  with  flat  IGV's  set  at  0°.  It  is 
evident  that  the  fan  without  IGV's  gives  superior  performance 
at  flow  coefficients  smaller  than  0.25.  At  higher  flow  co¬ 
efficients, small  improvements  in  performance  due  to  inlet  guide 
vanes  are  realized.  As  previously  stated,  the  performance  with 
twisted  IGV's  is  similar  to  that  of  flat  IGV's  at  zero  deflection. 

In  Figure  5. 2. 4-2,  fan  performance  without  IGV's  is  compared 
with  flat  vanes  set  at  +20°  and  twisted  vanes  set  at  +30°  tip 
(+15°  hub)  position.  The  effect  of  IGV's  is  to  reduce  the  head 
coefficient  throughout  the  flow  range  while  increasing  efficiency 
at  ^>0.2. 

In  Table  7,  fan  performance  at  the  maximum  efficiency  point 
is  tabulated  using  actual  test  points  without  smoothing  the  data. 
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PERFORMANCE  COMPARISON 


1 


5 •  model  fan  performance  ( con T ' D ) 

It  is  interesting  to  notice  that  peak  efficiency  is  con¬ 
siderably  higher  when  IGV's  are  deflected  in  a  positive 
direction  (direction  of  rotation)  than  in  the  opposite  direc¬ 
tion.  Also,  by  increasing  the  deflection  from  +10"  to  +.30" 
the  head  coefficient  is  reduced  by  no  more  than  11",  but  the 
efficiency  changes  by  about  3%. 


S.  MOnEl.  FAN  PfKfdHMANCl  (contM) 

S.J  Effect  of  Housitiij  Si/e  on  fan  Performance 

In  order  to  evaluate  the  effect  c*'  housinq  sire  on  fan 
perfornwnce.  a  large  plenum  housinq  was  constructed,  and  styrofoam 
inserts  were  used  to  change  the  housinq  volume.  The  housinq  exit 
area  and  exit  diffuser  area  were  also  changed  in  such  a  manner  that 
the  diffuser  area  ratio  and  length  remained  constant.  The  interior 
surfaces  of  the  styrofoam  inserts  we»'e  coated  with  Sparkle  for 
smoothness. 

An  adapter  was  used  to  connect  the  rectangular  diffuser  exit 
to  the  existing  8"  diameter  facility  exhause  duct.  The  instrumt'nted 
adapter  is  also  fitted  with  styrofoam  inserts  for  each  volute  con¬ 
figuration  to  assure  a  smooth  transition  froiu  a  rectangular  to  a 
circular  shape. 

The  housinq  volume  was  first  varied  by  varying  the  axial 
width  and  then  hv  changing  the  volute  diameter. 

5.3.1  Housing  Axjal  Width  Increase 

Figures  5. 3. 1-1  to  5. 3. 1-3  show  fan  performance  for 
housing  axial  widths  8=5.58,  6.67,  and  7.76  IN  while  kc  -ing 
volute  dianx'ter  constant  (A=13.60  IN).  A  width  of  5.58  IN 
and  a  volute  diameter  of  13.60  IN  represent  the  dimensions 
of  the  baseline  wooden  housinq. 

Comparison  of  Figure  5.3. 1-1  and  5. 3. 1-4  shows  that  the 
styrofoam  volute  gave  considerably  lower  perform,ince  than 
the  original  baseline  housing  (Figure  5. 3. 1-4).  Although 
the  volutes  in  these  two  cases  are  similar,  the  exit  diffusers 
are  not.  The  performance  of  all  new  housings  are  based  on  the 
total  pressure  at  the  diffuser  exit.  This  pressure  is  measured 
by  means  of  12  probes  located  as  shown  in  Figures  4.1-5  to  4.1-9 
instead  of  8  probes  for  the  baseline  housing. 
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1  HouSinq  AviaI  IiKi'twso  ^CoiUM] 

For  the  'ijFe  of  eons i stetic.v .  oil  the  housiiut  variotiotis 
will  he  compared  with  the  so  called  refereiict'  iiousim)  foi-  winch 
performance  is  shown  in  I  igure  h.e.1-1.  1  tie  siimnvirv  plot  in 

Figure  F'..l.l-F>  shows  that  the  avial  volute  width  increase 
is  largely  ineffective.  The  flow  leaving  the  rotor  follows 
the  hack  wall  and  does  not  fill  in  the  volui’v  above  the 
inlet  hell.  In  fact,  when  t  tie  width  is  increased  to  '..’h 
tk  o.gii.  t\in  performance  is  actually  decreased. 

Housing  'dnimeter  Increase 

Wtieii  the  housing  dianvter  is  increased  wtiile  koeoing  the 
axial  width  constant  at  s.h8  in.  t*ie  fan  performance  is  as 
shown  in  1  igures  h..t.,'-l  and  I  he  summary  plot 

in  Figure  h.T.J-.t  shows  a  small  oerforrtance  improvement  i.hen 
the  diameter  A  is  increased  from  1.1. p  to  Ih.l. 

Table  S  ctmipares  all  housings  tested  to  the  new 
reference  housing  at  the  maximum  efficienci  point.  The  best 
efficiency  gain  of  A.’’,,  is  achieved  when  the  volute  dianvter 
is  increased  from  1.1. h"  to  Ih.l  ".  The  conclusion  from 
these  tests  is  that  although  the  roll  over  volutes  are 
snviller,  they  are  not  The  most  efn'cient.  The  most  efficient 

volute  IS  the  one  that  is  wrapped  around  the  rotor  exit. 

Plenum  Housing 

Figure  h..l.d'l  shows  fan  perfornxince  when  the  styrofoam 
is  renxived  and  '■'leniim  housing  (Figure  .l.T-T'  is  used.  Com¬ 
pared  with  the  reference  housing  (Figure  h.. 1.1-1),  both  head 
coefficient  and  efficiency  are  substantially  reduced  over 
the  entire  flow  range. 
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TABLE  B 

EFFEa  OF  HOUSING  SI ON  FAN  PERFORMANCE 


Basel ine 
Housing 

New 

Housing 

Axial 

Increase 

Radial  Increase 

IN 

7.74 

1.1  A 

7.74 

7.74 

7.74 

7.74 

b^,  IN 

1 .9 

1 .9 

I  .9 

1.9 

1  .9 

1  .90 

B.  IN 

5.58 

5.58 

6.67 

7.76 

5.58 

5.58 

A,  IN 

13.6 

13.6 

13.6 

13.6 

15.10 

16.60 

tiB  /  A 

Ahy  by 

7.13 

7.13 

8.52 

9.91 

8.75 

10.60 

•^Shut  Off 

0.549 

0.531 

0.522 

0.516 

0.515 

0.507 

'^Max.  Eff. 

0.225 

0.259 

0.232 

0.227 

0.228 

0 . 282 

"^Max.  Eff. 

0.439 

0.371 

0.405 

0.392 

0.411 

0.349 

^Max 

0.72B 

0.672 

0.686 

0.664 

0.70 

0.688 

An^  % 

0 

2.1 

-1  .2 

4.2 

2.4 

5. 


MODEL.  FAN  PF R rORMANC E  ( co n fd ) 


5.4  Prg^.^'cted  Performance  of  the  Optimum  Fan 

Figure  5.4-1  shows  the  estinated  pertornance  of  the  optimum 
JEFF(A)  Fan.  The  accomplishment  of  this  perfoniance  will  require 
refinements  which  are  beyond  the  scope  of  the  present  investigation. 
The  following  aerodynamic  improvements  are  necessary: 

Rotor: 

a)  Optimization  of  the  blade  leading  edge  angles. 

Hous  in£: 

a)  Design  of  a  volute  housing  symmetrical ly  wrapped  around 
the  rotor  exit. 

b)  Matching  of  the  volute  to  the  rotor. 

c)  Design  of  three  dimensional  exit  diffuser. 


6. 


CONCLUSIONS 


An  experimental  program  was  conducted  Cor  the  purpose  of 
improving  the  performance  of  a  mixed  flow  lift  fan  for  the  JEFF(A) 
craft  application.  Conclusions  regarding  this  investigation  are  as 
follows : 

6.1  Rotor  blade  leading  edge  cut  back  can  lead  to  an  apprecia¬ 
ble  reduction  of  the  fan  peak  efficiency. 

6.2  Reduction  of  the  rotor  exit  width  reduced  the  fan  efficien¬ 
cy  at  flow  coefficients  smaller  than  0.28  and  increased 
efficiency  at  higher  flows.  The  head  coefficient  was 
higher  over  the  entire  flow  range.  Traverse  data  confirmed 
the  presence  of  a  wake  near  the  outer  shroud. 

6.3  The  rotor  induces  positive  prerotation.  At  constant  speed, 
positive  prerotation  is  increased  as  the  flow  rate  is  reduced, 

6.4  When  guide  vanes  are  placed  in  a  neutral  position,  the  pre¬ 
rotation  is  reduced  and  the  incidence  angle  is  increased. 

6.5  Thick  guide  vanes  produce  wider  variations  in  the  tangential 
pre-whirl  distribution  than  thin  ones. 

6.6  Fan  performance  is  substantially  the  same  with  twisted  guide 
vanes  as  with  flat  guide  vanes. 

6.7  An  increase  in  housing  axial  width  did  not  improve  fan 
performance.  The  flow  leaving  the  rotor  follows  the  back 
wall  and  the  increased  housing  volume  is  not  fully  utilized. 

6.8  An  increase  of  volute  diameter  from  13.6"  to  15.1"  improved 
fan  efficiency  by  4.2;*',. 

6.9  Fan  performance  is  drastically  reduced  when  a  plenum  housing 
is  substituted  for  a  volute  housing. 
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7.  RECOMMENDED  OPTIMUM  FAN 


The  optimum  mixed  flow  fan  should  have  the  following  characteristics 

1)  Zero  incidence  rotor  blades. 

2)  Three-dimensional  rotor  blading  designed  to  produce  uniform 
pressure  rise  along  all  streamlines  (twisted  blades  within 
structual  limits). 

3)  Mousing  volute  wrapped  symmetrically  around  the  rotor  exit 
(not  a  rolled  over  volute). 

4)  Volute  angle  matched  to  the  rotor  exit  absolute  angle. 

5)  Three  dimensional  exit  diffuser  for  maximum  static  pressure 
recovery. 
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9 .  NOMENCLATURE 


A 

B 

b 

D 

9 

U 

i 

K 

N 

P 

;'P 

Q 

R 

R 

p 

T 

U 

W 

h' 

n 

4i 


Area,  Volute  Diameter 
Volute  Axial  Width 
Rotor  Width 
Diameter 

Accelerat ion  due  to  Gravity 
Head 

Incidence  Angle 

,,  1,  i  trB  /  A 

Housing  Parameter  =  ) 

Rotational  Speed 
Pressure 
Pressure  Rise 
Inlet  Volume  Flow 
Radius 

Reynolds  Number 
Temperature 
Rotor  Speed 
Relative  Velocity 

Pre-whirl  Angle  (Measured  from  Axial 
Direction) 

Blade  Angle  (Measured  from  Tangential 
Direction) 

Relative  Flow  Angle  (Measured  from 
Tangential  Direction) 

Total  Efficiency 

Flow  Coeff icient,  lAAQ/A^U^ 

Head  Coefficient,  Hg/U2^ 


IN^,  IN 
IN 
IN 
IN 

FT/5EC^ 

FT 

(o) 

RPM 

PSF 

PSF 

FT^/SEC 

IN 


FT/SEC 

FT/SEC 

(o) 

(o) 

(0) 
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SUBSCRIPTS 


Atmospht't'ic 

Tip 

flit)  Inlet,  lotiil  Cons  it  ions 
Rotor  Inlot 
Rotor  I  y i t 


